Among mammalian morphological specializations to arboreality, prehensile tails are the least studied. In carnivorans, two phylogenetically and ecologically distant representatives possess truly prehensile tails: the kinkajou Potos flavus, a neotropical procyonid and the binturong Arctictis binturong, a viverrid from south-east Asia. This paper examines osteological characters associated with tail prehensility by comparing carnivorans with and without prehensile tails. The prehensile-tailed taxa are characterized by: (a) a relatively longer proximal caudal region in length and number of vertebrae; (b) more robust distal caudal vertebrae, which possess expanded transverse processes. Comparable features have been also reported for prehensile-tailed primates, indicating evolutionary convergence. These features can be functionally associated with enhanced flexion-extension of the proximal part of the tail and increased strength and flexing capacity at the distal end of the tail. These tail movements are briefly described in free-ranging prehensile-tailed carnivorans.
INTRODUCTION
The specific mechanical properties, limited dimensions and random disposition of branches compel arboreal dwellers to constant problems of balance and safety from falling. To cope with these major problems, arboreal mammals have evolved anatomical and behavioural specializations that involve relatively shorter limbs, sharp claws, suspensory habits, and prehensile appendages including tails (Cartmill, 1985) .
Among these specializations, the prehensile tail is perhaps the least well understood. However, it is encountered in most didelphid and phalangerid marsupials, anteaters, pangolins, some rodents, and a few primates and carnivorans. Emmons & Gentry (1983: 513 ) defined a prehensile tail as the '. . . one which can support alone the weight of the suspended body' to distinguish from the semi-prehensile tail '. . . which can support a significant part, but not all, of body weight'. Among mammals, tail prehensility has been principally studied in the prehensile-tailed neotropical monkeys involving Cebus and the monophyletic Atelinae (Alouatta, Lagothrix, Ateles, Brachyteles) . In these monkeys, behavioural studies have associated the use of prehensile tails with the negotiation of large body size on small branches (Grand, 1972) , the use of palm fronds and the relatively fragile * E-mail: dyoul@bio.auth.gr branches in neotropical forests (Emmons & Gentry, 1983) , and the accommodation of suspensory foraging for fruit and flowers on the extremities of tree crowns (Grand, 1972; Cant, 1986; Garber & Rehg, 1999; Youlatos, 1999) . These behaviours are further reflected in some morphological specializations exhibited by convergence in Cebus and the Atelinae: a developed area in the cortex, an expanded sacroiliac joint and long proximal caudal region, a powerful caudal flexor musculature and well-developed mm. intertransversarii that span a few vertebrae, and short, robust distal vertebrae with expanded transverse processes (Dor, 1937; Ankel, 1972; Grand, 1977; Falk, 1980; German, 1982; Rosenberger, 1983; Lemelin, 1995) .
Some of these morphological specializations have also been reported for the prehensile-tailed representatives of other mammalian orders implying a comparable use of the prehensile tail (Dor, 1937; Grand, 1977) . More precisely, two prehensile-tailed carnivorans, the kinkajou Potos flavus (Shreber, 1774) (Procyonidae) and the binturong Arctictis binturong (Raffles, 1821) (Viverridae) seem to possess a high number of proximal caudal vertebrae, short and robust distal caudal vertebrae, long flexor and extensor tendons that span a few vertebrae and well developed mm. intertransversarii (Dor, 1937) . Kinkajous are mediumsized solitary frugivores that exploit the high canopy layers where they travel by climbing and clambering, while binturongs are large omnivores that exploit all forest layers travelling alone or in small groups and cautiously among tree branches (Table 1) . Moreover, both species share a nocturnal, mainly arboreal way of life. Limited field studies report that the tail is grasped in tailonly and tail-assisted suspensory feeding postures and is coiled around branches during deliberate clambering and head-first descent (Dor, 1937; Nowak, 1991; McClearn, 1992) . Among other carnivorans, coatis Nasua nasua (L., 1766) (Procyonidae) have been observed to use their tails (classified as semi-prehensile by Kaufmann, 1962) frequently for stabilization during postures or head-first descent, but mainly to keep them off any arboreal supports (McClearn, 1992) . In addition, fossas Cryptoprocta ferox Bennett, 1833 (Viverridae) sometimes coil the extremity of the tail around branches in head-first descents but primarily use it as counterbalance in locomotion and postures (Albignac, 1970; Laborde, 1986) . For these carnivorans, there are no reports of dexterous tail use or tail hanging postural and locomotor patterns and no studies reporting any osteological and muscular similarities or differences with their prehensile-tailed relatives.
Based on descriptions of differences in tail use, this study aims to investigate any osteological features of the caudal vertebrae associated with tail prehensility in carnivorans. As discussed above, similar features have been already examined in the caudal vertebrae of the prehensile-tailed primates (Ankel, 1972; German, 1982) . These features have successfully distinguished prehensile-tailed from non-prehensile-tailed primates and their validity can be tested in carnivorans. The sacroiliac joint (SIJ) interconnects the medial surface of the ilium to the sacrum and is usually expanded in prehensile-tailed taxa. The tail is divided into a proximal and a distal caudal part, based on the morphology of the proximal and distal vertebrae respectively. The proximal vertebrae bear ventral and neural arches, a pair of transverse processes and articulate with zygapophyses, like the lumbar vertebrae (Fig. 1a) . This enables enhanced sagittal flexibility in the region that would be further related to the relative length of the region, the number of vertebrae involved as well as individual length of these units (Slijper, 1946; Ward, 1993; Shapiro, 1995) . The distal vertebrae are long and rounded in cross-section and articulate through intervertebral discs only (Fig. 1c) . Their morphology and overall robusticity would indicate the presence or absence of high and frequent extrinsic (gravity, reaction) and intrinsic (muscles, tendons, ligaments) stresses (German, 1982; Wainwright et al., 1982; Lemelin, 1995) . At the junction between the two regions of the tail, lies the transitional vertebra that bears a proximal articulation with zygapophyses and a distal articulation with a vertebral disc only (Fig. 1b) . Caudad to the transitional vertebra, vertebral length increases gradually until the longest vertebra is reached. The relative location of these vertebrae is more caudal in the prehensile-tailed taxa (Ankel, 1972) . These landmarks divide the tail into a proximal region, limited between the first caudal and the transitional vertebra, a transitional region, limited between the transitional and the longest distal vertebra, and a distal region, lying caudad to the longest vertebra to the tip of the tail. Prehensile-tailed primates bear a longer proximal caudal region.
Based on these observations in primates, the aim of this study is to test whether similar osteological differences occur in the caudal vertebrae of the prehensile-tailed and non-prehensile-tailed taxa of related carnivoran families. If the two distantly related prehensile-tailed carnivorans present common osteological features in the caudal vertebrae this would most likely suggest comparable adaptations related to the prehensile action of the tail. The lack of such features in the other phylogenetically related arboreal and scansorial carnivorans that do not use their tail in any prehensile way would further argue in favour to the convergent adaptations to tail prehensility. Unfortunately, the lack of systematic behavioural data of tail use for both prehensile-tailed taxa cannot provide firm correlations between vertebral morphology and tail function. On the other hand, this study could provide further insight for the study of osteological correlates to tail prehensility in other mammalian taxa, such as arboreal marsupials and rodents.
MATERIALS AND METHODS
The axial skeleton of museum specimens of the viverrids and procyonids listed in Table 1 (Table 1) and their close phylogenetic relationship with the 2 prehensile-tailed carnivorans (BinindaEmonds, Gittleman & Purvis, 1999) . A preliminary survey of tail skeletons of terrestrial viverrids showed no qualitative and quantitative differences with their arborealscansorial relatives.
The first step was to identify the landmark (proximal, transitional, longest and distal) vertebrae and define the proximal, transitional and distal caudal regions (Table 2) . This was not an easy task considering that many tail skeletons were not articulated and many vertebrae were missing. Thus, fewer tail skeletons were used for collecting quantitative data than for identifying the landmark vertebrae (see differences in sample sizes in Tables 2-4) . Once the landmark vertebrae were identified in complete tail skeletons, the relative number of vertebrae included in each region was expressed as a percentage of the total number of caudal vertebrae for each skeleton. The percentages for each specimen were used to calculate means for each taxon (Table 3) . For reasons of comparability with published studies (German, 1982) , similar measurements were used on the caudal vertebrae that have successfully traced quantitative differences between prehensile-tailed and non-prehensile-tailed primates (Fig. 1c): (1) length: the craniocaudal dimension; (2) proximal width: the mediolateral dimension of the proximal end including vertebral body and processes; (3) mid-width: the mediolateral dimension at midlength restricted to vertebral body (this measurement requires precision on the proximal vertebrae). Vertebral length was used to calculate the lengths of the 3 caudal regions: (a) total tail length: the sum of lengths of all caudal vertebrae; (b) proximal region length: the sum of lengths of the proximal vertebrae between the first and the transitional included; (c) transitional region length: the sum of lengths of the vertebrae between the transitional and the longest included; (d) distal region length: the sum of lengths of the distal vertebrae caudad to the longest vertebra. Thus, each region was also expressed as a percentage of total tail length (Table 4) .
In addition, the mean vertebral length was calculated for each caudal region as the ratio of the length of each region (L = sum of lengths of vertebrae) to the number of vertebrae involved (n). Mean vertebral length was subsequently divided by the cube root of body weight from the literature. Body weight is proportional to the third power of linear dimensions and its cube root, which makes the units comparable to linear measures, and is used to facilitate comparisons between taxa that vary in size (Shapiro, 1995) . Mann-Whitney U-tests were used for statistical comparisons of the relative lengths of the different caudal regions and mean vertebral lengths (Zar, 1996) . The 3 vertebral measurements were used to calculate 2 indices: (1) robusticity index = ([mid-width]/[vertebral length]) * 100; this reflects the robustness of each vertebra, which is closely related to the magnitude of the applied forces on the bone. A more robust vertebra is expected to withstand higher exerted forces than a more gracile one (German, 1982) ; (2) relative expansion of the transverse process index = ([proximal width]/[vertebral length]) * 100; this measures the expansion of the attachments of the main rotator and flexors of the tail. Higher values indicate more expanded muscular attachments and accordingly more powerful muscles (German, 1982; Lemelin, 1995) . The values of both indices for each vertebra of the specimens of a species were tested for intraspecific variability using the Wilcoxon signed ranks test (Zar, 1996) . All individuals of a single species showed the same patterns of variability for both indices and differences were statistically insignificant. Therefore, for subsequent interspecific comparisons, the mean values of each index were used for each vertebra for each species. Thus, the Wilcoxon signed ranks test was then used for statistical comparison of the indices across species (Zar, 1996) .
RESULTS
Using the data from the literature (Table 1) , the relative tail length (external tail length/head-body length) is not correlated with body weight (r = 0.381, d.f. = 9, NS) for the carnivoran species examined. This means that prehensiletailed carnivorans do not possess the longest tails among the arboreal and scansorial viverrids and procyonids examined (Table 1) . However, the viverrids examined possess a higher number of caudal vertebrae than procyonids, without necessarily possessing absolutely and relatively longer tails (Tables 1 & 2) . The prehensile-tailed genera Arctictis and Potos bear a higher number of caudal vertebrae compared to other representatives of the respective families. This difference is more pronounced in procyonids (Table 2 ). In both viverrids and procyonids, there are two sacral vertebrae involved in the SIJ and there are no differences between prehensile and non-prehensile taxa (Table 2 ). In Arctictis and Potos, the transitional and longest vertebrae are located more caudally than in the other taxa (Table 2) . Differences are more evident in viverrids than in procyonids (Table 2) . Among the latter, Nasua show an intermediate position between Potos and the nonprehensile-tailed forms (Table 2) .
Potos and Arctictis possess longer proximal vertebrae than their non-prehensile-tailed relatives, but differences are not significant (Fig. 2, Table 5 ). On the other hand, they possess shorter distal vertebrae than the non-prehensile-tailed forms, but only Arctictis shows significant differences (Fig. 2, Table 5 ).
Viverrids and procyonids do not present any significant differences in relative vertebral number and length of the proximal caudal region (Tables 3-5) . By contrast, viverrids possess a significantly shorter transitional region in both relative vertebral number and length and a significantly longer distal region in relative vertebral number and length than procyonids (Tables 3-5) .
Compared to other viverrids, the prehensile-tailed Arctictis bear a significantly longer proximal region in both relative vertebral number and length, and significantly shorter transitional and distal caudal regions (Tables 3-5) .
Among procyonids, Potos bear the longest proximal region and a significantly shorter transitional region in relative length (Tables 4 & 5) . By contrast, Nasua possess the significantly shortest proximal region in relative vertebral number and length within the family (Tables  3-5 ). Both taxa, differ significantly in relative proximal and transitional caudal region length (Tables 4 & 5) . Lastly, (Tables 4 & 5) . Vertebral robusticity expressed as the ratio of midwidth to length reveals significant differences between prehensile-tailed and non-prehensile-tailed genera in both families (Fig. 3a,b , Table 6 ). In general, the prehensiletailed taxa possess more robust vertebrae than the non-prehensile-tailed forms (Table 6 ). The two prehensiletailed species do not differ significantly (Table 6) . Differences between the prehensile-tailed and nonprehensile-tailed species are more pronounced caudad to the transitional vertebra and become particularly evident in the last distal vertebrae (Fig. 3a,b) . In prehensile-tailed forms, these vertebrae are highly robust maintaining a constant mid-width on decreasing length. The relative expansion of the proximal transverse processes expressed as the ratio of the proximal width to vertebral length also reveals differences between prehensile-tailed and non-prehensile-tailed species (Fig. 4a,b , Table 6 ). The prehensile-tailed taxa possess more developed proximal transverse processes and the differences increase in the distal vertebrae (Fig. 4a,b) . In prehensile-tailed forms, these vertebrae possess well-developed processes while they are weak in the non-prehensile-tailed taxa. Differences between the two prehensile-tailed taxa are not significant (Table 6) . 
DISCUSSION
This study of the osteological characters in the caudal region of carnivorans revealed certain features that group the prehensile-tailed genera and separate them from their non-prehensile-tailed relatives. The prehensile tails of Potos and Arctictis are shown to be characterized by the more distal location of the transitional and the longest vertebrae, the longer relative length of the proximal caudal region, the shorter relative length of the transitional region, and the more robust distal caudal vertebrae bearing expanded transverse proximal processes. Moreover, these features are absent from nonprehensile-tailed carnivorans, providing further support to assumptions of comparable tail use in the two prehensiletailed taxa. The way these morphological features can be functionally associated with certain tail movements, which have been reported in the overall tail use patterns of prehensile-tailed carnivorans (Dor, 1937; Nowak, 1991; McClearn, 1992 ) is discussed below.
In the proximal part of the caudal region, both prehensile-tailed carnivorans possess more caudally located transitional and longest vertebrae, a feature also characteristic of prehensile-tailed primates (Dor, 1937; Ankel, 1972; contra German, 1982) . The more caudal location of the transitional vertebra enlarges the proximal caudal region. As proximal vertebrae are characterized by lumbar-like intervertebral articulations, this is translated into a greater number of this type of articulations in the proximal caudal region. The lumbar type of articulation amplifies intervertebral mobility enhancing sagittal (flexion-extension) movements (Slijper, 1946) . Moreover, the increased number of articulating vertebrae and their greater individual length, that contribute to an increased relative length of that region, seem to further enhance the flexibility of that region (Wainwright et al., 1982; Ward, 1993; Shapiro, 1995) . This morphology contrasts the mechanically more stable relatively short vertebral regions, which consist of few and relatively short vertebrae. Assuming greater vertebral mobility of the proximal part of the tail in prehensile-tailed carnivorans, the equal development of the mass of caudal flexors and caudal extensors in Arctictis may imply equally powerful flexion and extension movements in that part of the tail (Dor, 1937; Ankel, 1972; Lemelin, 1995) . Increased flexion and extension of the proximal part of the tail have been reported for both Arctictis and Potos during slow climbing patterns or head-first descents where the tail engages in controlled movements in search of grasping points on the surrounding branches (Nowak, 1991; McClearn, 1992) . By contrast, the tail of non-prehensile-tailed carnivorans seems to follow passively body displacement and infrequently moves back and forth to accommodate balance during climbing (Kaufmann, 1962; Albignac, 1970; Taylor, 1970; Laborde, 1986; Nowak, 1991; McClearn, 1992; Rozhnov et al., 1992) . These behavioural differences in proximal tail use between prehensile-tailed and non-prehensile-tailed carnivorans may be related to the reported differences in the osteological features of the proximal caudal region. Despite these differences, the indices of robusticity and relative expansion of the transverse processes of the proximal vertebrae present no differences between prehensile-tailed and non-prehensile-tailed carnivorans. As both indices are associated with the action of gravity and reaction forces as well as the forces exerted by the muscles, tendons and ligaments in each vertebra, this may imply similar loadings in the proximal caudal vertebrae of both groups (German, 1982; Lemelin, 1995) . Similar findings are reported for prehensile-tailed primates where the proximal caudal region failed to distinguish between the two groups (German, 1982; Lemelin, 1995) . This was related to the notable dexterity of the proximal tail of many non-prehensile-tailed primates (German, 1982; Lemelin, 1995; Meldrum, 1998) . Apparently, this was found in non-prehensile-tailed carnivorans, but more field studies of tail use are needed to determine this.
The vertebral features of the distal caudal region differentiate successfully between prehensile-tailed and non-prehensile-tailed carnivorans (Table 5 ). The differences are mainly based on the higher values of the indices of robusticity and relative expansion of transverse processes and less on the shorter individual length of distal vertebrae. On the other hand, there are practically no differences in the relative number of vertebrae and length of the distal caudal region. Potos and Arctictis possess shorter and more robust vertebrae than their non-prehensile-tailed relatives (Figs 2 & 3) . Absolute mid-width of the vertebrae tends to be constant caudally as the vertebrae shorten in length resulting in relatively higher values and a peak in robusticity in the last distal vertebrae (Fig. 3) . The relative increase of width of the last caudal vertebrae most likely indicates the action of higher compressive and bending forces at these bony elements (Wainwright et al., 1982) . In addition, the reduction in the length of the vertebrae seems to reduce the displacement of one end of the region relative to the other, resulting in the decrease of these bending moments about the intervertebral discs (Ward, 1993) . Potos and Arctictis frequently use tail-assisted suspensory feeding postures and anchor their tails while walking and clambering on inclined and small branches (Nowak, 1991; McClearn, 1992; Julien-Laferrière, 1993; pers. obs.) . These grasping patterns are likely to impose greater and more frequent stresses along every distal caudal vertebra because of the continuous action of gravity and the forces exerted by the contraction of the well-developed caudal flexors, which exceed the caudal extensors in mass (Dor, 1937; Grand, 1977; German, 1982; Lemelin, 1995) . In this way, prehensile-tailed carnivorans seem to withstand the action of these forces along the distal region of the tail. Vertebral robusticity is also significantly higher in the distal vertebrae of prehensile-tailed primates that commonly engage in tail-only and tail-assisted suspensory postural and locomotor patterns and impose their tails in higher and more frequent stresses (German, 1982; Lemelin, 1995; Meldrum, 1998) .
The other feature that distinguishes well between prehensile-tailed and non-prehensile-tailed carnivorans is the relative expansion of the transverse processes of mainly the distal caudal vertebrae (Fig. 4) . Both Potos and Arctictis possess significantly more expanded transverse processes than the non-prehensile-tailed taxa. Anatomical studies have shown that two muscles take their multiple origins on the transverse processes: the mm. intertransversarii, that contribute to the axial rotation of the distal tail in respect with the more proximal part, and the m. flexor caudae longus, that contributes to ventral flexion of the tail (Dor, 1937; German, 1982; Lemelin, 1995) . More expanded origins are usually associated with bulkier muscles, as they provide larger surface for muscular bundles (Hildebrand, 1995) . Both muscles are well developed and their tendons cross a few vertebrae in Arctictis; mm. intertransversarii span two vertebrae and the long caudal flexor spans three to four vertebrae (Dor, 1937) . Lemelin (1995) , in his detailed work on the prehensile tails of ateline monkeys, suggests that if a tendon crosses fewer intervertebral joints, it is likely to provide a greater degree of curvature for a given cranial displacement. This results in an increased flexion or rotatory ability of the tail, a function probably also occurring in prehensile-tailed carnivorans. These tail movements are frequent in tail-assisted suspensory feeding or in repositioning of the body and forelimbs during postural and locomotor activities (McClearn, 1992; Julien-Laferrière, 1993) . Similar anatomical findings in the prehensile-tailed primates have been also associated with the frequent suspensory locomotor and postural habits of ateline monkeys (Grand, 1977; German, 1982; Lemelin, 1995) .
This study of the caudal vertebrae of carnivorans, has shown that the two distantly related prehensile-tailed carnivorans, Arctictis and Potos, exhibit similar osteological features of the caudal vertebrae, which are lacking from the other related carnivorans that do not use their tails in a prehensile way. These features are functionally associated with enhanced sagittal movements of the proximal part of the tail, as well as increased flexing and rotating abilities withstanding great and frequent stresses in the distal part. Similar tail movements frequently occur when the tail is used in grasping and suspensory activities, but this is difficult to verify because of the lack of behavioural data on the carnivorans studied. On the other hand, the presence of similar morphological features in the caudal vertebrae of the relatively wellstudied prehensile-tailed primates provides some support but does not necessarily suggest similar tail use and neuromotor control patterns (Lauder, 1998) . This stresses the need for more field data on the locomotor and postural behaviour of scansorial and arboreal carnivorans, and provides insight for the search of similar morphological features in the caudal vertebrae of other scansorial and arboreal mammals that are known to use their tails in a prehensile manner.
